Over the past few decades Fibre reinforced polymers (FRPs) have gradually gained recognition as an effective material for the strengthening of reinforced concrete (RC) structures. When compared to traditional strengthening methods, FRP has many advantages that make it an attractive alternative. Some of these advantages include FRP's high strength-to-weight ratio and excellent corrosion resistance. This study presents an experimental study investigating the effectiveness of a novel FRP strengthening scheme, which involves glass FRP I beam profiles and carbon FRP pultruded plates, for strengthening existing pre-stressed concrete deck unit bridges in Queensland, Australia. Two 9.05m long pre-stressed concrete bridge deck units taken from a decommissioned bridge in Queensland, Australia were tested under 4-point bending until failure: one as a control and the other strengthened with the proposed strengthening system. FRP strengthening using the proposed system was found to increase the ultimate capacity of the bridge deck unit by 105%. In addition, FRP strengthening was also found to increase the flexural stiffness.
INTRODUCTION
Pre-stressed concrete deck unit bridges were commonly used in the construction of roadway bridges in Queensland, Australia. Many of the existing pre-stressed concrete deck unit bridges were designed and constructed over 60 years ago. With industrial development, these bridges are now required to carry heavier and larger vehicles than those they were designed for and the continual evolution of bridge design codes have introduced more stringent design requirements, which many of these bridges do not now meet. An assessment carried out by the Queensland Department of Transportation and Main Roads (TMR) has identified that some of the pre-stressed deck unit bridges do not satisfy design code requirements and require interventions. Conventional strengthening options available for methods used in RC bridge strengthening are cumbersome, require long time periods to complete, and result in traffic disruptions driving the costs of such interventions quite high. Therefore, strengthening solutions which are less cumbersome and do not involve long periods of traffic disruptions are required to address the current strengthening needs of these pre-stressed concrete deck unit bridges.
Fibre reinforced polymer (FRP) composite materials have gained wide acceptance as an attractive material for strengthening reinforced concrete (RC) structural elements (Büyüköztürk et al. 2004, Hollaway and Teng 2008) . The use of FRP, which is a lightweight, easy to install, and highly resistant to corrosion material, provides an attractive alternative to the existing cumbersome traditional strengthening methods. Many types of strengthening methods have been proposed and applied to adapt to the various requirements in practice, such as externally bonded (EB) FRP strengthening, near surface mounted (NSM) FRP strengthening and so called hybrid bonded FRP system (Hollaway and Leeming 1999 , Lamanna et al. 2004 , Lorenzis and Teng 2007 , Yun et al. 2008 . Amongst these strengthening methods, EB FRP and NSM FRP strengthening systems have been studied extensively for flexural strengthening of RC beams. Although there is an ever-expanding research database of RC structures strengthened with different FRP systems, information on various strengthening techniques for pre-stressed concrete structures is very limited. Amongst the existing studies, use of EB CFRP plates (Takacs and Kanstad 2000; Reed and Peterman 2004) and the use of NSM CFRP (Hassan and Rizkalla 2002) have shown to significantly increase the flexural strength of pre-stressed concrete girders. In many of these studies, the use of U-wraps in conjunction with EB CFRP plates or NSM CFRP is advised to avoid premature debonding failures.
This paper presents an experimental study carried out to explore the feasibility of strengthening pre-stressed deck unit bridges in Queensland to increase both flexural capacity and flexural stiffness of the deck units.
EXPERIMENTAL PROGRAM

Test Girders
As a part of an ongoing research program in collaboration with Queensland TMR, two 9.05m long pre-stressed concrete bridge deck units were tested in the Structures Laboratory at the University of Queensland (UQ). One deck unit was tested as the control specimen and the other deck unit was strengthened using an innovative FRP system. Both deck units were of rectangular cross section (Figure 1c-d) . The deck units were taken from a decommissioned bridge in Queensland, Australia which was erected between 1963-1970 (exact date unknown). The girders were in good condition upon delivery to the UQ Structures Laboratory. Five core samples per deck unit were tested per AS 1012.14 (1991) to determine the concrete compression strength. The tested compression strength of concrete ranged from 55MPa to 84MPa. Each deck unit is pre-stressed with twenty two 9.7mm diameter pre-stressing strands. According to the fabrication drawings, a pre-stressing force of 70kN was applied to each strand. Three strand samples were cut out from the two tested deck units and tested as per AS1391 (2007) . The elastic modulus of steel strands varied from 182GPa to190GPa, 0.2% proof stress varied from 1500MPa to 1650MPa, and ultimate strength varied from 1672MPa to 1840 MPa. In a bridge, ten of these deck units are connected together through transverse steel bars at four locations along the length as shown in Figure  1a . Each deck unit consists of two rows of internal voids of 150mm diameter along the longitudinal axis of the beam (Figure 1a -c). The camber of the deck units at mid-span, due to pre-stressing and self-weight was measured to be 21mm and 19mm respectively. 
Strengthening Scheme
The preliminary investigations carried out by TMR revealed that such deck units may fail due to inadequate flexural capacity or due to shear failure through transverse connections. The aim of the transverse connections through ten deck units in a bridge is to provide effective load distribution amongst the deck units, thus allowing the ten deck units to act as a single system rather than as individual deck units. However, once the loaddisplacement behaviour of a deck unit becomes nonlinear, due to the reduction of flexural stiffness, the forces transferred through the transverse bars may significantly increase. Thus increasing the risk of failure in the deck unit near the transverse bar locations or failure in the transverse bar itself. Therefore, a strengthening system which could increase both the flexural capacity and flexural stiffness (especially when the behaviour becomes nonlinear) is required for the effective strengthening of these pre-stressed deck unit bridges. A novel strengthening scheme (Figure 2 ) which consists of three 8m long glass FRP (GFRP) I profiles and three 8m long carbon FRP (CFRP) pultruded plates was designed in this study to increase flexural capacity as well as the flexural stiffness of the pre-stressed concrete deck units. Commercially available GFRP I beams, with a longitudinal elastic modulus of 29GPa and tensile strength of 434MPa, were used in this study. The cross sectional dimensions of the GFRP I beams used in this study are given in Figure 2b . GFRP I beams were bonded to the soffit of the pre-stressed concrete deck units using MBrace laminate adhesive. Due to the relatively high flexural stiffness of the GFRP I beam (compared to that of commonly used CFRP pultruded plates), high interfacial peeling stresses may result near the GFRP I beam termination points. In addition, during the testing cracks may appear on the soffit of the concrete deck unit resulting in high peeling stresses within the bonded interface near those cracks. A preliminary FE model was used to estimate the peeling forces expected near the GFRP I beam termination points. Based on this estimate, M8 DynaBolts were used on either side of the flange at 300mm cc distance to provide resistance against peeling stresses. Embedded length of DynaBolts within concrete was controlled at 32mm. A 102mm wide, 1.4mm thick CFRP pultruded plate (170GPa) was bonded to the underside of the bottom flange of each GFRP I beam using MBrace laminate adhesive.
All the materials were purchased at commercial rates. Price of the GFRP I beams were AUD $ 62.5/m while price per CFRP pultruded plate was AUD $50/m. Total material cost of strengthening per pre-stressed deck unit was AUD $ 2,524.60. This translates to AUD $ 25,246 in material costs for strengthening a pre-stressed deck unit bridge (with 10 deck units). Specimens were prepared at the UQ structures laboratory by three undergraduate students with no previous FRP strengthening experience. Minimal labour and equipment costs are expected for such a strengthening exercise.
Test Setup and Instrumentation
Both the control specimen and the FRP strengthened specimen were tested under 4-point bending, while two different test frames were used in two tests. The control specimen was tested using a 1MN capacity MTS hydraulic testing machine, with a spreader beam spanning 2.45m between two loading points (Figure3a). The FRP strengthened specimen was tested using two 250kN capacity MTS hydraulic actuators (which were not available for the control specimen) under a 4-point bending test setup as schematically shown in Figure 3b . In both tests, loading was applied at a constant rate of 3mm/min until failure. In both tests, five displacement transducers were used at the bottom of the deck unit to measure beam deflection at different locations (Figure 3a,b) . On the control specimen, strain gauges were attached to the compression face as well as the tension face of the deck unit to measure axial strains (i.e. strains parallel to the longitudinal axis) as shown in Figure 4a . In addition, strain gauges were also attached on the side face of the deck unit at mid-span to measure axial strain distribution along the height of the specimen (Figure 4b ). On the FRP strengthened specimen, strain gauges were attached to the underside of the CFRP plates (Figures 5a-d) , as well as on the underside of the top flange of one of the GFRP I beams as shown in Figures 5a and e. In addition strains on the side of the deck unit at mid-span were measured using a digital image correlation (DIC) system (which was not available for the control specimen).
(a) Top and bottom strain gauge locations (bottom strain gauge number in bracket, e.g. C1-1(6) corresponds to strain gauge C1-1 on the top and C1-6 on the bottom).
(b) Side View 
RESULTS AND DISCUSSION
All the tested deck units were uncracked prior to testing. Cracking of the control specimen started at approximately 107kN, with the load displacement curve also starting to become nonlinear around the same load.
As the load increased, flexural cracks were evenly distributed along the length between the loading points. The control specimen ultimately failed due to concrete crushing at a load of 200.3kN with an ultimate displacement of 250.9mm. Chips of concrete started to fall off the top surface of the concrete deck unit approximately at midspan just before the ultimate load was reached, soon followed by an explosive brittle failure (Figure 6a ). The load-deflection behaviour as well as the load-mid-span compressive strain behaviour is shown in Figures 7 and  8 respectively. Both these plots do not include the camber of the deck unit. The maximum concrete compressive strain at failure was measured as 0.00275. The FRP strengthened specimen showed an increase in the initial flexural stiffness, with a significant increase in the stiffness as the load-deflection behaviour became nonlinear (Figure 7) . Cracks on the soffit of the deck unit did not appear until approximately 100kN. The size of the crack openings were shown to be much less than that of the cracks in the control specimen. The number of flexural cracks observed was much less than that observed in the control specimen. The load-deflection curve starts to become nonlinear at approximately 100kN. No visible debonding of the GFRP I beams from concrete substrate or CFRP plate from GFRP I beam was observed during the testing. At approximately 400kN, cracks which were parallel to the top surface started to appear next to the left side actuator. The FRP strengthened specimen ultimately failed due to concrete crushing (Figure 6b ) at a load 410.6kN with an ultimate displacement of 148.3mm. The concrete compressive strain at failure was measured as 0.00292. The FRP strengthening increased the flexural capacity by 105%. Figure 9 . Axial strain distributions Axial strain distribution along the length of the deck units at different loads, from the strain gauges C1-6 to C1-10 (i.e. strain gauges attached to the bottom face, Figure 4a ) for the control specimen, and from the strain gauges C2-12 to C2-19 (i.e. strain gauges attached to the underside of the top flange of the GFRP I beam, Figure 5e ) and C2-1 to C2-8 (i.e. strain gauges attached to the CFRP plate, Figure 5d ) are compared in Figure 9 . At 100kN, strain measurements from C1-6 to C1-10 showed higher values than the measurements from C2-12 to C2-19. Given the higher flexural stiffness of the strengthened specimen, these lower strain readings observed on the underside of the GFRP I beam are reasonable. The axial strain readings away from the mid-span, from the CFRP plate (i.e. C2-1to C2-5) at 100kN were also found to be similar to the strain readings from the tensile face of the control specimen (i.e. readings from C1-6 to C1-8) at the same load. However, strain measurements from C1-9 and C1-10 in the control specimen were found to be higher near the mid-span, than the strain measurements from C2-6 to C2-8. When the load increased up to 150kN, strain readings from C1-6 to C1-10 were shown to be much higher than the strain readings from C2-12 to C2-19 and C2-1 to C2-8. This pronounced difference is explained by the change in flexural stiffness seen in the two load-deflection curves. The reduction in the strain readings at 860mm away from the mid-span of the control specimen, i.e. C1-9 is believed to be caused by the excessive cracking of concrete. Absence of such clear variations in strain readings from C2-12 to C2-19 and C2-1 to C2-8 indicates less cracking in the strengthened specimen compared to the control specimen. At 200kN loading, strain gauges C1-10 were damaged due to cracking. Strain readings from C1-6 to C1-9 were much larger than the strain readings from C2-12 to C2-19 and C2-1 to C2-8 at the same load. As the load increased, strain readings from C2-5 and C2-16 also showed some reduction in strain compared to the readings from the adjacent strain gauges, which is believed to be due to the cracking of concrete. At the ultimate load, i.e. 410.6kN, maximum strain seen by the CFRP plate was 0.0058, which is only about 32% of its ultimate strain.
(a) Unstrengthened specimen axial strain profile (b) Strengthened specimen axial strain profile Figure 10 . Axial strain variation along the height at mid-span
The axial strain variation along the height of the specimen at mid-span measured, from the strain gauges C1-5, S-1 to S-3 for the control specimen, and DIC system and C2-19 and C2-8 for the strengthened specimen are given in Figures 10a and 10b respectively. At lower loads, axial strains at the mid-span of the control specimen showed a linear distribution along the height. As the load increased, this became nonlinear which is believed due to the cracking of concrete in the tension face. The neutral axis moved towards the compression side of the beam with the increasing load. The strain distributions within the concrete deck unit of the strengthened specimen also showed linear strain variations, but a discontinuity of the strains from the concrete to GFRP I beam was observed (Figure 10b ). This discontinuity became more pronounced as the load increased. This observation indicates some slip at the concrete-GFRP interface.
CONCLUSIONS
This paper has presented the results from an investigation of strengthening of pre-stressed RC bridge deck units employing a novel FRP strengthening scheme. Strengthening of the deck units were carried out by adhesively bonding and mechanically fastening three 8m long GFRP I profiles to the soffit of the pre-stressed RC deck unit, and adhesively bonding a 8m long CFRP plate to the tension flange of each GFRP I beam. Two deck units, one unstrengthened as a control specimen and another strengthened with the novel FRP scheme were tested to failure under 4-point bending. Both beams showed flexural failure with failure occurring in the constant moment region. The control specimen showed significant nonlinear deformation before the ultimate failure, while the strengthened specimen also showed significant deformations before failure. No debonding of the GFRP I beams or the CFRP plates were observed during the testing, demonstrating the effectiveness of the bonding and mechanical anchoring system used in the strengthening scheme. The strengthened beam significantly increased the stiffness of the beam, especially when compared to the nonlinear part of the control specimen loaddeflection curve. The strengthening scheme was also shown to be highly effective in increasing the flexural capacity of the pre-stressed deck units, with the tested strengthened deck unit resulting in 105% flexural capacity increase. Cracking of concrete on the tension face was observed in both deck units, with the strengthened deck unit showing much less cracking than the unstrengthened deck unit. Axial strain distribution at the mid-span along the height of the strengthened deck unit showed slip at the GFRP I beam-concrete interface, thus indicating loss of perfect composite action, which may have resulted due to significant cracking of concrete.
